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EXPERIMENTAL STUDIES 
The Autoperfusion Balloon Angioplasty Catheter Limits Myocardial 
Ischemia and Necrosis During Prolonged Balloon Inflation 
COLIN A. CAMPBELL, PHD, SHEREIF REZKALLA, MD, 
ROBERT A. KLONER, MD, PHD, FACC, ZOLTAN G. TURI, MD, FACC 
Detroit, Michigan 
A new balloon angioplasty catheter with multiple proximal 
and distal side holes has previously been shown to allow 
significant protection from ischemia during a 3 min balloon 
inflation in a coronary artery. Because of the potential 
benefits of very long periods of inflation, 21 anesthetized 
thoracotomized dogs were randomized to left circumflex 
coronary artery occlusion with either a standard or an 
autoperfusion balloon catheter for 90 min. Nine dogs 
sustained ventricular fibrillation before completing the 
study, eight after standard balloon inflation and one after 
autoperfusion balloon inflation (p = 0.04). 
ST segment elevation was 0.45 f 0.13 mV after 15 min 
Since first introduced in 1977 (I), percutaneous transluminal 
coronary angioplasty has emerged as an important technique 
in the management of coronary artery disease. Among the 
major limitations of coronary angioplasty are the high rate of 
restenosis (2) and occasional abrupt closure of the artery (3). 
Several potential benefits of prolonged balloon inflation 
across the stenosis have been proposed. However, pro- 
longed balloon inflation with standard catheters is limited by 
interruption of distal blood flow, resulting in ischemia. 
A new autoperfusion catheter was developed to allow 
passive perfusion of blood through the central lumen of the 
catheter while the balloon is inflated. Animal studies (4,5) 
and human trials (6) have demonstrated that coronary angio- 
plasty with the autoperfusion catheter results in significant 
amelioration of ischemia during balloon inflations of at least 
2 to 3 min. Much longer inflations may be necessary to “tack 
back” dissections or to protect the myocardium after failed 
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of standard balloon inflation versus -0.03 +: 0.03 mV after 
autoperfusion balloon inflation (p < 0.001). Regional myo- 
cardial blood flow was 0.02 f 0.01 mi/min per g after 30 
min of standard baboon inflation compared with 0.78 f 
0.23 mi/min per g in the group subjected to autoperfusion 
balloon inflation (p = 0.01). The area of necrosis/area at 
risk in the standard catheter group was 40.4 f 19.3% 
versus 1.2 & 1.2% for the autoperfusion catheter group 
(p = 0.01). Thus, the autoperfusion catheter preserves 
blood flow and limits myocardial ischemia and necrosis 
despite 90 min of balloon inflation. 
(J Am Co11 Cardiol1989;14:1045-50) 
angioplasty before emergency coronary bypass surgery. 
This study was designed to assess myocardial protection by 
the autoperfusion catheter during very long periods of infla- 
tion as judged by coronary blood flow, hemodynamics, 
electrocardiographic (ECG) changes and infarct size deter- 
mination. In addition, autoperfusion catheter inflation was 
compared with standard balloon catheter inflation. 
Methods 
Experimental preparation. Twenty-one mongrel dogs of 
either gender, weighing 14.0 to 26.6 kg, were anesthetized 
with sodium pentobarbital (30 mg/kg intravenously), intu- 
bated and ventilated with room air with use of a Harvard 
respirator. Saline-filled cannulas were positioned in the left 
carotid artery for monitoring of arterial blood pressure and 
for withdrawal of reference blood samples for determination 
of regional myocardial blood flow with the radioactive 
microsphere technique, and in the left jugular vein for the 
administration of fluids and drugs. A left thoracotomy was 
performed at the fifth intercostal space, a pericardial cradle 
was temporarily constructed and a micromanometer-tipped 
catheter (Millar Instruments) was positioned in the left 
ventricle through the left atria1 appendage. Hemodynamic 
variables and a lead II ECG were recorded continuously 
throughout the study. A third saline-filled cannula was 
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positioned in the left atrium for injection of radioactive 
microspheres. 
Experimental protocol. After a 9F sheath was inserted 
into the right femoral artery, heparin (5,000 U) was injected 
intravenously and an 8F guiding catheter was positioned in 
the left coronary ostium. A standard 2.5 mm, 4.3F angio- 
plasty balloon catheter was then advanced through the 
guiding catheter under fluoroscopic guidance over a 0.014 
inch (0.036 cm) guidewire into the proximal circumflex 
coronary artery. The balloon was inflated for a maximal 
period of 30 s to confirm arterial occlusion as evidenced by 
marked abrupt reduction in negative left ventricular dP/dt 
(the first derivative of left ventricular pressure over time), 
which resolved promptly on balloon deflation. If no such 
ischemic response was noted, a 3.0 mm, 4.3F standard 
angioplasty catheter was substituted and ischemia on 
balloon inflation was confirmed. The dog was then ran- 
domized to have either the standard angioplasty catheter 
or autoperfusion catheter balloon inflation to 6 bars for 
90 min. Ninety minutes was chosen to allow sufficient 
time for potential necrosis to be readily detected. During 
inflation, the autoperfusion catheter was flushed gently 
with 1 ml of saline solution every 5 min. After 90 min of 
inflation, the balloon was slowly deflated over 5 min, re- 
moved and inspected, and reperfusion was allowed to take 
place for 4.5 h. 
Area of necrosis. Six hours after initial balloon inflation, 
the circumflex coronary artery was dissected free of sur- 
rounding tissue at the position of the previously inflated 
balloon. The artery was externally occluded, and an in vivo 
area at risk was determined by intraatrial injection of mo- 
nastral blue dye (0.25 ml/kg). The dog was euthanized with 
an overdose of sodium pentobarbital and potassium chloride 
and the heart excised. The atria and right ventricle were 
removed and the left ventricle was sectioned from apex 
to base into 4 to 5 mm sections. The sections were incu- 
bated in triphenyltetrazolium chloride at 35°C for 10 min to 
delineate the area of necrosis. The area at risk (area not 
stained by blue dye) and zone of necrosis were traced 
onto acetate sheets, photographed, measured by planim- 
etry, corrected for the weight of each section and summed to 
yield the result for the whole left ventricle. Because some 
studies (7) have shown that areas at risk must achieve a 
certain size before necrosis occurs, dogs having an area at 
risk of <lo% of the left ventricle were not included in the 
data analysis. 
Regional myocardial blood flow. Regional myocardial 
blood flow was measured with the radioactive microsphere 
technique (8). Microspheres were injected before initial 
coronary catheterization, after positioning of the deflated 
randomized catheter in the circumflex artery and 30 min 
after the onset of balloon inflation. Radioactive micro- 
spheres (2 x lo6 cerium [Ce]14’, ruthenium [Ru]‘03 or 
niobium [Nb]95 in random sequence; 10 + 1 pm diameter) 
were injected into the left atrium while an arterial reference 
blood sample was withdrawn from the carotid artery cannula 
at 15.3 ml/min with use of a Harvard withdrawal pump. 
After euthanasia and excision of the heart, samples of 
myocardium from the subepicardium and subendocardium 
weighing approximately 1 g were excised from the left 
circumflex and left anterior descending artery distribution 
for determination of regional myocardial blood flow (calcu- 
lated as regional myocardial blood flow [ml/min per g] = Cs 
x [RblCr], where Cs = counts in the myocardial tissue 
sample corrected by weight, Rb = rate of withdrawal of the 
reference blood sample and Cr = total counts in the refer- 
ence blood sample). 
Data analysis. All measurements were performed by in- 
vestigators who did not know the results of randomization. 
Analysis of covariance was used to compare regional myo- 
cardial blood flow between the standard and autoperfusion 
balloon groups, controlling for baseline values. Comparison 
of the area at risk and area of necrosis between the groups 
was performed with a two-tailed Mann-Whitney test. Two- 
way analysis of variance was used to analyze the differences 
in hemodynamic and ECG variables between the groups (9). 
Fisher’s exact test (one-tailed) was used to assess difference 
in mortality rate between the groups. Results are reported as 
mean values ? SEM. 
Dogs used in this study were maintained in accordance 
with guidelines of the Human and Animal Investigation 
Committee of Wayne State University School of Medicine, 
those prepared by the Committee on Care and Use of 
Laboratory Animals of the Institute of Laboratory Animal 
Resources, National Research Council and they conformed 
to the Position of the American Heart Association on Re- 
search Animal Use adopted November 11, 1984. 
Results 
Survival. A total of 21 dogs were entered into the study; 
by random allocation 13 were assigned to standard balloon 
inflation and 8 to the autoperfusion catheter. Ventricular 
fibrillation occurred in eight dogs subjected to standard 
balloon inflation, three during the 90 min inflation, three 
immediately on reperfusion and two late in the recovery 
period. By comparison, only one dog randomized to the 
autoperfusion catheter developed ventricular fibrillation 
(p = 0.04 standard versus autoperfusion catheter); this 
arrhythmia occurred late in recovery. Three dogs (one 
standard catheter, two autoperfusion catheter) had an area at 
risk <lo%; these dogs were excluded from analysis by our 
standard prospective exclusion criteria. Thus, the ECG at 15 
min and hemodynamic measurements and regional myocar- 
dial blood flow at 30 min were obtained and analyzed in nine 
dogs randomized to the standard catheter and six to the 
autoperfusion catheter; ECG and hemodynamic data at 90 
min were available for eight surviving dogs randomized to 
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Table 1. Regional Myocardial Blood Flow (mllmin per g) at Baseline, After Deflated Balloon Passage and After 30 min of 
Balloon Inflation 
Baseline 
Standard Catheter (n = 9) 
Deflated 
30 min 
Inflation Baseline 
Autoperfusion Catheter (n = 6) 
Deflated 
30 min 
Inflation 
LCx epi 0.84 2 0.15 0.83 + 0.11 0.09 + 0.02* 1.43 2 0.32 0.89 2 0.20 0.81 + 0.22 
LCx endo 0.90 2 0.16 0.87 ? 0.12 0.02 ? 0.01 1.83 5 0.34 1.20 ? 0.21 0.78 k 0.23 
LAD epi 0.68 + 0.15 0.83 ? 0.24 0.61 + 0.08 1.48 + 0.29 0.90 k 0.17 0.90 ? 0.20 
LAD endo 0.78 f 0.18 1.00 f 0.26 0.75 + 0.09 1.72 + 0.33 0.99 ? 0.19 0.90 2 0.19 
Sept epi 0.78 ? 0.18 0.98 + 0.34 0.65 + 0.10 1.32 2 0.34 0.76 2 0.14 0.85 + 0.21 
Septendo 0.92 + 0.23 1.08 t 0.30 0.74 ? 0.10 1.64 ? 0.27 1.00 i 0.16 I.13 + 0.32 
*p = 0.01 compared with baseline. Endo = endocardium: epi = epicardium:LAD = left anteriordescendingcoronaryartery;LCx = leftcircumflexcoronary 
artery; Sept = septum 
standard catheter inflation and six randomized to autoperfu- 
sion catheter inflation. Myocardial infarct size is reported for 
all four dogs randomized to the standard catheter and all five 
dogs randomized to the autoperfusion catheter who survived 
6 h and had an area at risk >lO%. 
Regional myocardial blood flow (Table 1, Fig. 1). Severe 
impairment of regional myocardial blood flow was observed 
during standard balloon inflation in the circumflex artery 
distribution (0.09 +- 0.02 and 0.02 + 0.01 mllmin per g 
in the subepicardium and subendocardium, respectively); 
flow during autoperfusion catheter inflation (0.81 t 0.22 
and 0.78 + 0.23 mllmin per g, respectively) was well pre- 
served (p = 0.01 standard versus autoperfusion catheter). 
In the areas of myocardium remote from the circumflex 
artery distribution, there was no statistically significant 
difference in regional myocardial blood flow at baseline, 
deflated catheter insertion and balloon inflation. There was a 
trend toward lower flow throughout the myocardium in the 
dogs randomized to standard balloon inflation, and analysis 
of covariance was used to correct for differences in baseline 
values. 
Hemodynamic and ECG findings (Table 2, Fig. 2). Hemo- 
dynamic measurements were consistent with better left 
ventricular function during and after autoperfusion balloon 
inflation. ST segment deviations in lead II at baseline and at 
Figure 1. Regional myocardial blood flow (RMBF) in the endocar- 
dium of the circumflex artery distribution after 30 min of standard 
(STD) and autoperfusion (APC) catheter balloon inflation. p = 0.01 
standard versus autoperfusion catheter balloon inflation. 
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15 and 90 min of inflation were -0.03 rf: 0.03,0.45 ? 0.13 and 
0.17 2 0.13 mV, respectively, in the standard catheter group 
and 0.0 ? 0.0, -0.03 2 0.03 and -0.01 ? 0.12 mV, 
respectively, in the group randomized to autoperfusion 
catheter balloon inflation (p < 0.02 standard versus autoper- 
fusion catheter at 15 and 90 min). Dogs randomized to 
standard catheter balloon inflation who survived to 90 min 
developed Q waves (Q wave depth 0.18 ? 0.05 mV baseline, 
0.55 ? 0.07 mV at 90 min, p < 0.001) versus no significant Q 
waves (0.23 ? 0.07 mV baseline, 0.28 ? 0.06 mV at 90 min, 
p = NS) for the dogs randomized to the autoperfusion 
catheter. 
Area of necrosis. The area at risk (expressed as a percent 
of left ventricular mass) was 31.7 ? 3.6% for the standard 
catheter group and 26.2 + 3.9% for the autoperfusion 
catheter group (p = NS). The area of necrosis expressed as 
a percent of the area at risk was 40.4 +- 19.3% (range 9.5 to 
91.4) in the standard catheter group and I .2 2 1.2% (range 0 
to 5.9) in the autoperfusion catheter group (p = 0.01) 
(Fig. 3). Examples of myocardial cross sections after stan- 
dard and autoperfusion catheter balloon inflation are shown 
in Figure 4. 
Discussion 
This study demonstrates that prolonged balloon inflation 
with the autoperfusion catheter can be achieved without 
substantial necrosis. Regional myocardial blood flow during 
balloon inflation remained at nonischemic levels, hemody- 
namic variables remained stable, ECG changes did not occur 
and necrosis was minimal or not detectable. In contrast, 
dogs randomized to balloon inflation with the standard 
catheter developed significant areas of necrosis, regional 
myocardial blood flow was severely depressed distal to the 
standard balloon inflation site and hemodynamic and ECG 
changes consistent with ischemia and necrosis were re- 
corded. 
Limitations of the study. There was a trend toward lower 
coronary blood flow throughout the myocardium in dogs 
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Table 2. Hemodynamic Variables Before, During and After Balloon Inflation 
Inflation 
Baseline 30 min 90 min 6h 
Heart rate (beats/mitt) 
Standard catheter 138 t 5 137 k 6 130 + 6 III ?5 
Autoperfusion catheter 132 + 8 128 + 8 128 + 9 133 2 10 
Systolic blood pressure (mm hg) 
Standard catheter 122 r 8 107 ? 8 100 k 7 88 ? 6 
Autoperfusion catheter 127 + II 117 k 8 108 ? 10 121 k 9t 
LVEDP (mm Hg) 
Standard catheter 621 921 8%1 521 
Autoperfusion catheter 5*1 52 I$ 5 ? 1* 4+1 
t LV dP/dt (mm Hgk) 
Standard catheter 2,000 f 70 1,683 2 130 1,594 t 133 1,415 ? 133 
Autoperfusion catheter 2,109 + 204 1.815 5 186 1,753 + 318 2,016 ? 193 
- LV dP/dt (mm Hg/s) 
Standard catheter 1,801 + 133 1,434 t 132 1,291 ? 119 1,018 ‘- 147 
Autoperfusion catheter 2.120 r 224 1,893 ? 232 1.536 + 299 1,857 ? 232t 
*p < 0.05, tp < 0.03, $p < 0.02 standard versus autoperfusion catheter inflation. dP/dt = peak of first derivative 
of left ventricular pressure rise (t) or fall (-1 over time; LV = left ventricular; LVEDP = left ventricular 
end-diastolic pressure. 
randomized to standard catheter balloon inflation. Mean 
heart rate and blood pressure also were lower in the dogs 
randomized to the standard catheter who survived through 
6 h; because many did not survive standard catheter balloon 
inflation (eight dogs compared with only one nonsurviving 
dog in the autoperfusion group), dogs with a higher meta- 
bolic rate may have been selected against, accounting for the 
lower baseline flows in the standard catheter group. The 
trend toward lower blood flow throughout the left coronary 
artery tree after positioning of the guiding catheter in the left 
main orifice and after deflated balloon passage into the 
circumflex artery has been noted previously (10). 
These data should be extrapolated with caution to auto- 
perfusion catheter use in humans. Of the dogs that were 
randomized to receive the autoperfusion catheter, one 
developed a small region of necrosis detectable by triphe- 
nyltetrazolium chloride staining. This was probably due 
Figure 2. Left ventricular end-diastolic pressure (LVEDP) immedi- 
ately before, after 30 min and after 90 min of balloon inflation and 
4.5 h after discontinuation of balloon inflation. APC = autoperfusion 
catheter; STD = standard angioplasty catheter. *p < 0.02; **p < 
0.05. 
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15 
I 
I STD 
EB APC 
0 
0 0.5 1.5 6 Hours 
to occlusion of a small side branch that originated at the 
site of balloon inflation. In addition, one dog randomized 
to the autoperfusion catheter developed ventricular fibril- 
lation (compared with eight of those randomized to the 
standard catheter), suggesting that significant ischemia 
may have been present. Furthermore, prolonged balloon 
inflation could potentially damage endothelium, resulting 
in vasoconstriction (11) or possibly even constitute a nidus 
for thrombus formation, although none was noted in this 
study. 
Applicability of the study. In a previous study (4), we 
demonstrated that dogs subjected to 3 min of autoperfusion 
catheter balloon inflation maintained nonischemic values 
of distal blood flow and hemodynamic variables and did 
not develop ECG evidence of ischemia. A recent clinical 
trial (6) in patients showed that this catheter prevented 
ST segment elevation during 2 min of balloon inflations. 
Figure 3. The area of necrosis (AN) expressed as a percent of the 
area at risk (AR) after standard (STD) and autoperfusion (APC) 
catheter balloon inflation. p < 0.05 standard versus autoperfusion 
catheter balloon inflation. 
75 
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Figure 4. Infarcted myocardium (white areas outlined by black 
arrows) shown by triphenyltetrazolium chloride staining of repre- 
sentative myocardial cross sections after standard (A) and autoper- 
fusion (B) 90 min balloon inflations. The small area of necrosis after 
autoperfusion catheter balloon inflation (bottom) probably resulted 
from a small side branch occlusion. 
Prolonged inflation may allow salvage of some cases of 
dissection and vessel collapse by “wallpapering” back a 
flap. Another potential benefit may be enhanced safety in 
cases of very proximal epicardial artery stenosis or left 
main or left main equivalent disease (12). The autoper- 
fusion catheter has advantages over mechanical pumping 
devices that perfuse the artery distal to the angioplasty 
balloon with blood or blood substitutes (13-15): it does not 
require the complexity of pumping equipment and may 
reduce the risk of air embolism. Finally, the autoperfusion 
catheter may serve as an alternative to the “bail-out” 
catheter in cases of abrupt reclosure of an artery after 
angioplasty. 
The 90 minute inflation period was chosen to allow 
sufficient time for significant potential necrosis to be detect- 
able. Shorter inflation times may be more practical in hu- 
mans; however, the common delay between abrupt vessel 
closure in the cardiac catheterization laboratory during 
routine angioplasty and institution of cardiopulmonary by- 
pass may make 90 min inflations realistic in some situations 
(16,17). 
Conclusions. The autoperfusion catheter was shown to 
be effective during 90 min balloon inflations; coronary flow 
and cardiac hemodynamics were maintained and the devel- 
opment of substantial necrosis was prevented. Additional 
studies will be needed before attempting such prolonged 
inflations in humans. 
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